Abstract In this study greywater treatment through constructed wetlands and subsequently through TiO 2 -based photocatalytic oxidation was investigated. Through constructed wetlands treatment the organic substances have been reduced greatly. For further removal of organic substances and pathogens, a TiO 2 -based photocatalytic oxidation process was used subsequently. The results showed that the treated greywater through constructed wetlands and subsequent through TiO 2 -based photocatalytic oxidation with short irradiation time (3 hours irradiation time) met the requirements of European bathing water quality easily. Therefore, the greywater treated with the processes combination can directly be reused for non-potable purposes. Moreover, since residual organic substances through TiO 2 -based photocatalytic oxidation with long irradiation time can be eliminated almost totally, it is also possible that treated greywater is used for groundwater recharge as a drinking water resource.
Introduction
Recently, the reuse of greywater (the wastewater that has been used in homes, i.e. excluding wastewater from toilets) is receiving more attention because of lower pollution levels compared to the entire domestic wastewater. Substantial efforts are devoted to the development of simple greywater treatment systems, especially with the development of an ecological sanitation system. The reuse of greywater in some practical projects for toilet flushing and garden irrigation has also been stated (Zeisel and Nolde, 1997; Del Porto and Steinfeld, 1999) . In the future, fresh water shortage is expected to increase in many regions all over the world. This makes the water recycling necessary. For a long term solution of water shortage problems, reuse of greywater for high quality purposes (e.g. groundwater recharge as drinking water resource, no-limit non-potable use) is necessary. For suburban and rural areas without a sewer system a low cost and low maintenance system for greywater recycling is important.
For drinking water purposes, the concentrations of pathogenic bacteria, enteric viruses, organic substances of greywater origin as well as chemicals that have an impact on health when present in trace amounts should be controlled. Therefore, the concentration of unregulated and unidentified trace organic substances is of great concern. Currently, the total organic carbon (TOC) level is used to provide a benchmark of the organic content and to determine the removal efficiency of treatment systems in practice. Obviously, as TOC is a nonspecific measure of organic contents, it is not possible to establish a TOC standard that protects public health. However, it can be considered to be used as a control measure. For groundwater recharge, Jekel and Ernst (1999) suggested that the DOC (dissolved organic carbon) concentration of reclaimed effluent should not exceed 3-5 mg/l (background concentration in groundwater) for domestic wastewater. In the state of California, USA, it is required that the maximum TOC level in extracted water must be below 1 mg/l. In addition, the maximum amount of reclaimed wastewater in an extracted well is restricted to 20-50% for surface spreading and 0-50% for direct injection (Asano, 1998) .
Constructed wetlands have been proven to be an effective low-cost treatment system, which utilizes the interactions of plants and microorganisms in the removal of pollutants. In this study vertical flow constructed wetlands were used to treat greywater.
In order to meet the requirements of reuse purposes, advanced treatment is necessary to treat the greywater, especially to reduce the organic substances, for groundwater recharge. Photocatalytic oxidation processes by means of light-absorbing semiconductors have drawn considerable attention in the last 20 years as a possible solution to global environmental problems. Several oxide and sulfide semiconductors (e.g. Fe 2 O 3 , ZnO, TiO 2 and CdS) have been employed as photocatalysts. TiO 2 , however, has proven to be most suitable for widespread environmental applications because it is highly photoreactive, cheap, nontoxic, chemically and biologically inert, and photostable (Wang et al., 2001) . Titanium dioxide (TiO 2 ) is a semiconductor photocatalyst with a band gap energy of 3.2 eV. When this material is irradiated with photons exhibiting wavelengths of less than about 400 nm, the band gap energy is exceeded and an electron is promoted from the valence band to the conduction band. The resultant electron-hole pair (e -+ h + ) has a lifetime in the spacecharge region that enables its participation in chemical reactions. Recently, photocatalytic oxidation processes have been actively investigated. These processes are based on the generation of very active hydroxyl radicals (•OH), which attract organic compounds and initiate a series of oxidative reactions and ultimately lead to the complete mineralisation of the organic substances yielding H 2 O and CO 2 or to transformation into biodegradable material (Gulyas et al., 2001; Li and Zhao, 1999) .
The titanium dioxide irradiation (Serpone, 1994) generates the following reaction involving hydroxyl radicals (·OH):
In this paper greywater treatment with constructed wetlands in combination with TiO 2 -based photocatalytic oxidation has been studied for the purpose of greywater recycling. The constructed wetland investigated in this study was a technical scale treatment plant, whereas TiO 2 -based photocatalytic oxidation was investigated in laboratory scale experiment.
Materials and methods

Greywater
Greywater was collected from the settlement Flintenbreite, Luebeck, in Germany, where greywater and blackwater are separated at the source. For blackwater collection vacuum toilets and vacuum pipes are installed in the settlement, whereas greywater is transported by gravity (Otterpohl et al., 1999) . The influent samples were taken from influent chamber #3 and the effluent samples were taken from the effluent chamber (Figure 1 ).
Biological treatment by vertical flow constructed wetlands
In the settlement Flintenbreite three vertical constructed wetlands with sizes of 2 m 2 per inhabitant have been constructed for greywater treatment. One of them has been operated for 3 years. The constructed wetland was equipped with a primary clarifier exhibiting three pits functioning as a grit chamber as well as for solids and grease control. Filter material should not be too fine in order to take up and mineralise excess sludge over a period of 50 years. In the investigated plant, diameters of filter gravels are between 4 and 8 mm. The vertical flow constructed wetlands were supplied with primary settled greywater and loaded intermittently. Greywater is distributed above the vertical constructed wetlands through perforated pipes by a submerged pump and the water level is kept at the bottom. These systems are relatively cheap in construction and especially in operation (Otterpohl et al., 1999) . In the experiments, suspension of the photocatalyst titanium dioxide ("P25", DegussaHüls, Hanau, FRG) in effluents of constructed wetlands was irradiated with a UV-A radiator (face tanning unit HD 172, Philips GmbH, Hamburg, FRG) with known UV light intensity (about 25 W/m 2 at a distance of 30 cm from the casing edge of the radiator) at room temperature. The effluents were treated in a porcelain bowl with a magnetic stirring bar (length: 4 cm; stirrer speed: 500 rpm). After taking the first sample of the TiO 2 /effluent suspension, irradiation of a residual 1000 ml of the suspension was started. The diameter of the suspension surface was 19 cm at the beginning of the experiment. Samples (50 ml each time) from the irradiated suspensions were taken hourly. The samples were subsequently centrifuged (10 min, 5,000 rpm) and the supernatants analysed for TOC. The TOC concentrations have been corrected for evaporation of water which has been determined by weighing the entire reactor before and after taking samples for TOC analyses.
Analyses
Analysed parameters for influent and effluent of the constructed wetlands system were pH, temperature, conductivity, TOC, TN (total nitrogen), NO 3 -N, NO 2 -N, NH 4 -N, E. coli and TP (total phosphorus). In samples treated by photocatalytic oxidation, TOC was measured. Conductivity and pH were measured by means of probes, temperature by a probe integrated in the conductivity probe. TOC and TN were measured with a TOC/TN analyser (multi N/C3000, Analytik/Jena company). NO 3 -N, NO 2 -N, NH 4 -N were measured by reflectometer. TP was measured by means of a colorimetric method. MLSS was analysed in accordance with the German Standard Method DIN38414. Chromocult Coliform Agar developed by German Firm Merck was used to determine the amount of E. coli in this experiment. Colonies of E. coli were characterised by dark-blue to purple spots after the sample had been incubated for 24 hours at a temperature of 36°C.
Results and discussion
In Table 1 For the vertical flow constructed wetlands, the effluents were sampled and analysed at different times (Table 2 ). It can be seen that the TOC concentrations were reduced greatly. But the E. coli concentrations and the remaining organic substance concentrations were not sufficiently low for reuse purposes. Therefore, advanced treatment was required for further removal of bacterium and organics.
In the experiments, the elimination rate of organic substances increased with increasing TiO 2 concentrations from 1 to 5 g/l. For the concentrations of 5 and 10 g/l TiO 2 , the curves of TOC reduction were almost identical as shown by exponential regression curves (Figure 2 ). Dependence of mineralisation velocity on photocatalyst concentration follows a saturation type curve. The concentration of TiO 2 can reach a saturation limit above which no increase of TOC removal rate was observed with increasing concentration of TiO 2 . After 6 hours irradiation time, the TOC concentration decreased to 6 mg/l (TOC elimination of about 57%). In order to reduce organic substances further, a long irradiation time test, 19 hours, has been carried out. For the long irradiation time, TOC concentration could be decreased to 1 mg/l (Figure 3 ). This means that sufficient irradiation of the biologically treated greywater with UV in the presence of TiO 2 can almost eliminate all the organic substances. Gulyas et al. (2001) gave an equation for design of photocatalytic oxidation sequential batch reactors, which also expresses this relation. mg/l 9.7~16.6 Total-P mg/l 5.2~9.6 E. coli 1/100 ml 7.5 × 10 3 -2.6 × 10 5 Table 2 Greywater effluent parameter of the vertical flow constructed wetlands Photocatalytic oxidation is a treatment process which also leads to disinfections of wastewaters as has been shown in experiments. E. coli was reduced in the effluent of constructed wetlands from 58/100 ml to 1 /100 ml and total coliforms from 36 × 10 3 /100 ml to 14/100 ml by a three hour UV-A irradiation in the presence of 10 g/l TiO 2 . This water quality can meet the requirements of European bathing water quality for hygienic standards.
In this study, the suspensions were centrifuged (10 min, 5,000 rpm) for separation of TiO 2 from the irradiated suspension. Suspended TiO 2 powder used in photocatalytic oxidation can also be separated from solution by membrane filtration, technical scale centrifugal separation or sedimentation, and recycled to the photoreactor continuously (Li and Zhao, 1999) . In some areas, e.g. rural areas in developing countries, the separation process using membrane filters is not possible because of cost and technology requirements. Under these circumstances, the sedimentation process would be appropriate to separate the TiO 2 powder for recycling. Settlement of TiO 2 takes a relatively long time, however.
Conclusions
The results showed that the treated greywater through constructed wetlands and subsequently through TiO 2 -based photocatalytic oxidation with short irradiation time (3 hours irradiation time) met the requirements of European bathing water quality easily. Therefore, greywater treated with the processes combination can be reused for non-potable purposes directly. In this way an additional disinfection would not be necessary. It is also possible that greywater treated by constructed wetlands and TiO 2 -based photocatalytic oxidation is used for groundwater recharge as a drinking water resource with long irradiation time because organic substances have been reduced almost totally. The effluent of TiO 2 -based photocatalytic oxidation can be subsequently treated through soil infiltration. This process can remove the residual bacterium and TiO 2 continuously and could be used as a safe barrier for greywater reuse. For potable purposes, soil infiltration and long retention time in the underground may be an important barrier for safe reuse. This process combination is especially suitabale for suburban and rural areas without sewer systems because both processes need relatively large specific land areas.
In areas of relatively high solar radiation, TiO 2 -based photocatalytic oxidation can be powered directly by sunlight (as about 5% of the photons originating from the sun exhibiting wavelengths below 400 nm). This process is specifically beneficial for developing countries in subtropical and tropical areas because of low cost and little necessity of maintenance. However, for practical application, further research in pilot-projects should be done in such areas. 
